Cryopreservation of cells without any toxicity concerns is a critical step in ensuring 17 successful clinical translation of cell-based technologies. Mitigating the toxicity concerns 18 related to most of the commonly used cryoprotectants including dimethyl sulfoxide 19 (DMSO) is an active area of research in cryobiology. In recent years use of additives 20 including polymeric proteins such has sericin have been explored as an additive to 21 cryoprotectant formulations. In this study the thermophysical effect of addition of sericin 22 was investigated. The effect of presence of sericin on the H-bonding strength was 23 investigated using Raman microspectroscopy and other thermophysical effects were 24 quantified using differential scanning calorimetry (DSC) techniques. Finally, the 25 prospect of using sericin as an additive to cryoprotectant formulation was investigated 26 by monitoring cellular viability and growth following exposure to cryogenic temperatures 27 in hepatocellular carcinoma cells. Results indicate significant improvement in post-thaw 28 viability when sericin is used as an additive to DMSO based formulations. While use of 29 trehalose as an additive has beneficial effects by itself, combined usage of sericin and 30 trehalose as additives did result in an improved overall long-term growth potential of the 31 cells.
Introduction
removed. Spectral peaks were deconvoluted and analyzed using Origin Pro 2018 137 (OriginLab, Northampton, MA) . 138 A customized chemometric deconvolution algorithm based on Fast Fourier 139 Transform (FFT) of Raman signal is used to decompose the OH stretching regions of 140 the CPA formulations [34, 35] . The deconvolution is computed using the formulation
where is the known response of the signal . While several different peaks can be 142 identified in the OH stretching region (Fig. 1A) that are related to the physical state of 143 the water and H-bonding, two principals peaks related to symmetric (~3200 cm -1 ) and 144 asymmetric (~3415 cm -1 ) vibrations were considered here for the analysis related to H-145 bonding. The higher-frequency asymmetric spectral component is known to be related 146 to the water molecules bound by incompletely formed H-bonding [36] . Whereas, the 147 lower-frequency symmetric component corresponds to the molecules with complete 148 tetrahedral H-bonded structure [37, 38] . 149 The experimentally obtained spectral intensity of the symmetric and asymmetric 150 peaks in the OH stretching region were then used to estimate the enthalpy and entropy 151 of the formation of hydrogen bonds in aqueous CPA formulations containing sericin as 152 additives. Van't Hoff equation was used to relate enthalpy change and the equilibrium 153 constant of reaction for CPA solutions [39, 40] . A van't Hoff plot ( Fig. 2A ) was 154 constructed as the linear dependence of ln(k) against the inverse of the temperature (T). 155 The enthalpy (ΔH) of bonding is was expressed as a product of the slope of the Van't In addition to the H-bonding characterization using intensities of the symmetric 165 and asymmetric peaks in the OH stretching region of the Raman spectra, change of 166 peak position (peak shift) was also used to analyze energetics related to H-bonding. 167 The trend in peak-shift characteristics were quantified by comparing the change in 168 peak-center per unit temperature for both symmetric (n 1 ) and asymmetric peaks (n 2 , as 169 seen in Fig. 3A and B ). This analysis indicates the variation in H-bonding energetics at 170 different temperatures in presence of sericin. was used to store samples in cryogenic conditions. After exposing the cells to cryogenic 201 conditions for pre-determined duration, cells were thawed quickly in a using a 37°C 202 water bath and re-suspended in fully complemented cell culture medium. Cell numbers 203 were quantified using hemacytometer (Hausser Scientific, Horsham, PA) counts and 204 membrane integrity was assessed using trypan blue exclusion. Following the initial 205 viability count, cells were put into 25 cm 2 flasks for the grow out. Each thawing condition 206 had 3 separate flasks to be counted on days 3, 5, and 7. Cells were counted using the 207 hemacytometer-trypan blue exclusion.
209

Results
210
Raman microspectroscopy:
211
The effect of the presence of sericin on the H-bonding strength was investigated 212 using Raman microspectroscopy. Fig. 1A is shown to decrease the contribution of incomplete water clusters and increase the 245 overall number of strongly H-bonded water clusters at lower temperatures ( Fig 1D) . At 246 higher concentration of 5% sericin, there appears to be a significant increase in rate of 247 change in asymmetric peak intensity with temperature. In addition to the change in 248 number of H-bonded water clusters, the functional OH groups on sericin molecules may 249 be a contributing factor to the intensity variation in asymmetric peak intensity. Asymmetric peak center plotted for the same solutions and temperatures as (A). As 296 temperature increases, peak center converges asymmetric peak center converges at 297 3417 cm -1 . This indicates equal asymmetric hydrogen bonding at higher temperature. C)
298
Symmetric peak center values for various water-sericin solutions at -10°C and 20°C. At 299 low temperature, there are significant differences between the peak center values of the 300 solutions. There is a slight trend towards lower frequency peak centers as sericin 301 increases at higher temperature. D) Asymmetric peak center values for water-sericin 302 solutions. At low temperature, peak center shift follows a similar trend as the symmetric.
303
At high temperature, there is no change between the peak center value. When the peak-shift characteristics for both symmetric and asymmetric peaks 308 are compared against each-other (n 1 /n 2 ), there are no appreciable difference between 309 any of the trends compared for any of the solutions including pure water (Fig. 4A ).
310
When the slopes of the trend in peak shifts as observed in Fig. 3A and 3B were 311 normalized against the trend in peak shift exhibited by pure water, the peak shift 312 characteristics of 1% sericin solution appear to be significantly different for both 313 symmetric and asymmetric peaks ( Fig. 4B and 4C ). formulations.
370
As a collaborative effect of trehalose and sericin was observed in DSC 371 thermograms described above, a DSC study was undertaken with CPA formulations 372 containing DMSO (5% and 10%) with varying amounts of sericin and 100 mM trehalose.
373
When sericin concentration is increased from 1 -5%, a significant increase in freezing When cells cryo-processed in CPA formulations containing DMSO and sericin 418 were returned to culture conditions (Fig. 7B) , the cells that survived freezing show no 419 negative effects in cell growth (Fig. 7B) . The 10% DMSO, 1% sericin, 100 mM trehalose 420 CPA solutions showed the strongest post-thaw growth. using Raman microspectroscopy and differential scanning calorimetry studies. Considering the relationship between the number of symmetrically bonded water 501 clusters and ice crystal formation, this indicates an ability of sericin to modulate ice 502 crystal formation. This is highly significant given the fact that the number and size of ice proportional for all solutions tested (Fig. 4A) . Interestingly, observed differences 554 between the solutions only become significant at lower temperatures (Fig. 3C, 3D However, there is a possibility that additives such as trehalose and sericin may have influence the thermodynamic properties of the extracellular solution in a unique way due 583 to their mutual interaction. When 100 mM trehalose is added to sericin solutions at 584 different concentrations, a significant loss of freezing point depression trend is observed 585 (Fig. 5A ). In addition to probabilistic decrease of IIF, such increase in freezing point may generally indicate a change in the overall quantity of the ice crystals formed [71] . As 598 seen in Fig. 5C , increasing the concentration of sericin in CPA formulation on its own do 599 not change the quantity of ice formation at the same freezing rate compared to DMSO. 
